The patterns of synonymous codon usage in 91 Drosophila melanogaster genes have been examined. Codon usage varies strikingly among genes. This variation is associated with differences in G+C content at silent sites, but (unlike the situation in mammalian genes) these differences are not correlated with variation in intron base composition and so are not easily explicable in terms of mutational biases. Instead, those genes with high G+C content at silent sites, resulting from a strong "preference" for a particular subset of the codons that are mostly C-ending, appear to be the more highly expressed genes. This suggests that G+C content is reduced in sequences where selective constraints are weaker, as indeed seen in a pseudogene. These and other data discussed are consistent with the effects of translational selection among synonymous codons, as seen in unicellular organisms. The existence of selective constraints on silent substitutions, which may vary in strength among genes, has implications for the use of silent molecular clocks.
Introduction
Any fitness differences among synonymous codons, perhaps associated with translational accuracy and/or efficiency, are expected to be very small and thus only effective in determining codon frequencies in organisms with large effective population sizes (Bulmer 1987; Li 1987) . This indeed appears to be the case in the few organisms in which codon usage has been examined in any detail. On the one hand, in Escherichia coli and Saccharomyces cerevisiae (organisms expected to have very large effective population sizes) selection for efficient translation seems to determine codon frequencies, particularly in genes expressed at high levels (Gouy and Gautier 1982; Ikemura 1985; Sharp and Li 1986) . On the other hand, in mammals, which have much smaller effective population sizes, there is as yet no evidence of selection among synonymous codons. Rather, base composition varies considerably around the mammalian genome (Bernardi et al. 1985) ) and codon usage in any gene is correlated with the local chromosomal G+C content (Aota and Ikemura 1986)) perhaps reflecting differences in patterns of mutational bias around the genome (Filipski 1987) .
Codon usage in Drosophila melanogaster has not been investigated in any detail, and it is not clear how (or even if) different genes should vary. The long-term effective population sizes of fruit flies are probably intermediate between those of mammals and those of lower organisms such as E. co/i and yeast, and so it is not known whether selection between synonymous codons could be effective. Also, invertebrates do not A lists 84 genes in order of their appearance on axis 1 of a correspondence analysis of codon usage (see Material and Methods); section B lists seven genes encoding proteins with highly biased amino acid content, which were excluded from the correspondence analysis. Gene sequences were taken from the GenBank and EMBL libraries, except for Rpal (Qian et al. 1987 ), Yp.3 (Yan et al. 1987 ), ubiquitin (Arribas et al. 1986 ), Sod (Seto et al. 1987) , eve (Frasch et al. 1987) , calmodulin (Kamanaka et al. 1987) , Ace (Hall and Spierer 1986) , hb (Tautz et al. 1987) , per (Citri et al. 1987) , z (Pirotta et al. 1987) , r (Freund and Jarry 1987) , Kr (Rosenberg et al. 1986) , and y (Geyer et al. 1986) . 
Results
Base composition at silent sites, (G+C)s, and hence the pattern of synonymous codon usage, varies considerably among Drosophila melanogaster genes ( fig. 1 ). The variance of (G+C)s among the 84 genes is 0.0064, which is, for example, more than three times the value (0.0020) expected for a binomial variable with mean 0.72 and sample size 100. The average number of silent sites in these genes is 439-only four genes have fewer than 100 silent sites, and these do not comprise the extremes of the distribution in figure 1 . Thus there appears to be some source of systematic variation among genes in (G+C)s. However, the diversity is not as great as that seen among FlG. 2.-Relationship between G+C content at silent sites, (G+C)s, and G+C content in introns, (G+C),, and at replacement sites, (G+C),, for Drosophila melanogaster and human genes (see fig. 1 for details of genes). Correlation coefficients are indicated, with probabilities.
human genes ( fig. 1 ). It is interesting that while the base composition of silent sites, ( G+C)s, and of introns, (G+C) I, from the same genes are highly correlated in human genes ( fig. 2) ) there is no such correlation in D. melanogaster ( fig. 2) . Also, another correlation seen in human genes-between base composition at amino acid replacement sites, (G+C) A, and (G+C)s-is absent in D. melanogaster ( fig. 2 ) . These data suggest that while there is heterogeneity in codon usage among D. melanogaster genes, this variation is not simply associated with local genomic base composition.
The first axis of a correspondence analysis identifies the single largest source of variation among a set of multivariate data points-in this case, the single largest trend in codon usage among genes. In table 1 each gene has been ranked according to its value on this first axis. Also shown in table 1 for each gene are the G+C content (at (table 1A) .
silent sites, at replacement sites, and in introns) and the scaled x2, representing an index of the degree of general codon usage bias. The value for each gene on the first axis of the correspondence analysis is highly correlated with both the scaled x2 (correlation coefficient, r = 0.87) and ( G+C)s (r = 0.75). The trend in codon usage pattern along the first axis of the correspondence analysis is illustrated in table 2, where codon usage data have been pooled for three groups of genes-one from each end of this axis and one from the middle. Again it can be seen that the trend along the first axis is from highly biased codon usage in the genes at one end to nearly even usage of synonymous codons (as evidenced by a majority of RSCU values near 1 .O) at the other end. The codons favored in the highly biased group are largely, but not exclusively, G-or C-ending. The obvious exceptions are CGT, GAT, and GGT, which are used quite frequently to encode Arg, Asp, and Gly, respectively. These data, taken with the data from table 1, clearly indicate sub-stantial variation in codon usage among D. melanogaster genes. Since the major trend is from near uniform usage of synonymous codons to highly biased codon usage in which the favored codons are predominantly G/C rich, the scaled x2 and (G+C)s are highly correlated among genes ( r = 0.83 ). However, analysis of the base composition of each codon position for the groups of genes in table 2 reveals that the change in (G+C)s is not due to a change in the frequency of G. Instead, genes with high codon bias have an increased frequency of C-ending codons and fewer A-and (to a lesser extent) T-ending codons.
Discussion
At first sight, codon usage in Drosophila melanogaster exhibits both of the different characteristics described for unicellular and multicellular organisms ( Ikemura 1985 ) . That is, the differences among genes are in both degree of bias (as in Escherichia coli, Bacillus subtilis, and Saccharomyces cerevisiae) and G+C content at silent sites (as in mammals). However, while selection among synonymous codons, acting through differences in translational properties and more effective in genes expressed at high levels, has been invoked as a major determinant of codon frequencies in E. coli and S. cerevisiae (reviewed in Ikemura 1985; Sharp and Li 1986 ) and, to a lesser extent, in B. subtilis (Shields and Sharp 1987) , there has been little or no evidence presented for such selection in multicellular organisms. Instead, variation in codon usage among mammalian genes is most easily interpreted as the result of variable mutation biases. Here we will argue that the heterogeneity among D. melanogaster genes cannot be interpreted simply as the result of mutational biases but also reflects the action of natural selection.
High G+C Content at Silent Sites Reflects the Influence of Selection
The variation among D. melanogaster genes in codon usage bias is associated with a general change in base composition at silent sites. However, this change is not correlated with changes in introns or at replacement sites. This contrasts with the situation in mammalian genes, in which a pervasive influence on the local chromosomal G+C content is reflected in introns, at silent sites in codons, and even (to a lesser extent) at codon sites determining amino acids ( Aota and Ikemura 1986; Bemardi and Bemardi 1986) . It is not easy to understand why mammalian coding, noncoding, and even intergenic sequences might reach particular base compositions, varying around the genome, through selection. Rather, a more simple explanation is that the pervasive influence is a bias in the pattern of mutations among the four nucleotides. One source of variation in this pattern may lie in the use of two different DNA polymerases in mammalian cells (Filipski 1987) . It is interesting that in Drosophila one of these polymerases is absent (Filipski 1987 ) .
The average base composition in D. melanogaster introns (37% G+C) is close to the value of 40% obtained for the genome as a whole (Shapiro 1976) . This, then, may reflect the base composition to which mutational biases would drive Drosophila sequences in the absence of selection. It is interesting that the difference between the G+C contents of silent sites and introns is larger in D. melanogaster genes than in human genes ( fig. 1 ). This greater difference is suggestive of stronger selective constraint on silent sites in D. melanogaster. Within the Drosophila data set the G+C content at silent sites in the genes with little general bias in codon usage ( -60%) is lower than that in the highly biased genes ( -80%)) consistent with the latter being under the more stringent constraint and thus less subject to mutational bias. The sequence of an Adh pseudogene from D. muZZeri (Fisher and Maniatis 1985) is of interest in this context: G+C content at silent sites in the two functional Adh genes of D. mulleri is 73% and 75%, respectively, while at homologous sites in the pseudogene it is reduced to 67%. Again, this suggests that, when selection among synonymous codons is relaxed, mutation tends to reduce the G+C content.
Codon Bias in Drosophila melanogaster Is Related to Expression Level
In E. coli, B. subtilis, and S. cerevisiae there is a well-established relationship between the degree of bias among synonymous codons and the level of gene expression (e.g., see Gouy and Gautier 1982; Shields and Sharp 1987; Bennetzen and Hall 1982, respectively) . For several reasons it is less easy to establish whether such a relationship exists in D. melanogaster. For example, multicellular organisms have far more complex life cycles and gene expression varies dramatically depending on the developmental stage as well as the tissue. Also, less data on expression levels are available for D. melanogaster than for E. co/i, for example.
Nevertheless, when one considers the available information, there does seem to be a relationship between the level of gene expression and the strength of codon usage bias (reflected approximately by the order of genes in table 1) in D. melanogaster genes. For example, among the genes with high codon bias are those encoding alcohol dehydrogenase, initiation factor, actin, ribosomal proteins, and glyceraldehyde-3-phosphate dehydrogenase. Loci in yeast or E. coli homologous to these Drosophila genes all have high codon bias and are very highly expressed , and certainly alcohol dehydrogenase is known as one of the most abundant proteins in Drosophila. Perhaps better evidence comes from specific comparisons of genes known to be expressed at different levels. Limbach and Wu ( 1985) state that, of the two cytochrome c genes, "in general, DC4 is expressed at much higher levels than DC3"; DC4 has very high codon bias, while DC3 has very weak bias (table 1) . Among the four alpha-tubulin genes, two (genes 1 and 3) appear to be constitutively expressed while genes 2 and 4 appear to be expressed only in testes and ovaries, respectively (Therkauf et al. 1986 ). The gene 1 transcript "is much more abundant" than the gene ,2 transcript (Kalfayan and Wensink 1982) , and gene 1 has much higher codon bias than gene 2 (table 1). The gene 4 transcript is detected only in ovarian nurse cells and in O-3-h embryos (Theurkauf et al. 1986 ) and has the lowest codon bias among these four genes. Additionally, since our analysis, Hovemann et al. ( 1988) have reported that, of two D. melanogaster elongation-factor genes, expression of one is "generally markedly stronger" than that of the other and that the codon usage of the former is more restricted (i.e., more biased) than that of the latter.
Are the preferred codons in the highly biased genes those which would be expected? The relative abundances of all iso-accepting tRNAs in D. melanogaster have been estimated (White et al. 1973 ), but only a few of the anticodon sequences are known (Sprinzl et al. 1987) . From those data, it is possible to begin to correlate the observed synonymous codon frequencies with potential selective differences. For example, the Lys codon AAG, which is most strongly preferred over AAA in the highly biased group of genes (table 2), is translated by the most abundant Lys tRNA. The DNA sequence of the major Arg tRNA gene predicts the anticodon ACG, and the relative usage of CGT to encode Arg increases in the highly biased genes. As in E. coli and yeast, the major Phe tRNA has the anticodon GAA, and in all three species that codon which can be translated without wobble, i.e., UUC, is preferred.
As pointed out by Ikemura ( 1985 ) , differential modulation of tRNA populations among tissues could result in a diversity of codon usage patterns within the genome of a multicellular organism. To take a rather extreme case, tRNA abundances in the silk gland of Bombyx mori are known to be particularly adapted to the very biased amino acid composition of the two major proteins produced in this tissue, fibroin and sericin (Garel 1974) . Few other examples exist, although it has been reported that mammalian genes expressed in muscle tissue appear to have a higher G+C content at silent sites than do those genes expressed predominantly in the liver (Newgard et al. 1986 ). Among the D. melanogaster genes listed in table 1, there are several genes expressed in muscle (e.g., those encoding actin and myosin), and they do indeed tend to have high (G+C) s . However, these are not the only genes with high (G+C) s values, and the G+C richness probably simply reflects strong selection for the same set of preferred codons as in other genes. We have not identified any strong tissue-specific patterns of codon usage in D. melanogaster. White et al. (1973) found no major differences in tRNA abundance between larvae and adult flies, and we have not identified any relationship between codon usage and developmental stage of expression.
Rates of Synonymous Substitution in Drosophila Genes
If the extent of selective constraint on synonymous codons varies among genes, then, as a consequence, the rate of synonymous substitution should also vary. Indeed, in genes from two closely related species of Enterobacteria, E. coli and Salmonella typhimurium, the rate of divergence at silent sites is inversely related to the degree of bias in codon usage . Therefore, we should predict that those Drosophila genes with more highly biased codon usage would have lower rates of silent substitution. As yet, little data are available to test this hypothesis; the best comparison is between D. melanogaster (or its sibling species D. mauritiana) and D. pseudoobscura. Six genes from each of these species can be compared; three of these six have quite highly biased codon usage (table 3) . Silent sites in the three genes with lower codon bias have accumulated approximately twice as many substitutions as those in the highly biased genes (table 3) . This suggests that silent sites in the genes with highly biased codon usage are under selective constraint. Two genes can be compared between D. melanogaster and D. virilis: for Hsp82 the number of nucleotide substitutions per synonymous site (see Li et al. 1985) is lower than that for en (table 3) . Since codon usage in Hsp82 is highly biased, while codon usage in en is only moderately biased, these data are also in accord with our expectation.
Since among Drosophila genes there is some evidence of systematic variation in the rate of divergence at silent sites, molecular clocks derived from rates of synonymous substitution pooled over genes should be treated with caution. Also, estimates of the absolute rate of synonymous substitution will depend on the particular genes examined. Moriyama ( 1987) has suggested that rates of nucleotide substitution are higher in Drosophila than in mammals. She estimates the synonymous rate, ks, to be approximately 10 -8 substitutions/ site /year-and thus a little higher than the rate ( ks 1: 8 X 10 -') in rodents and about five times the rate ( ks N 2 X 10F9) in higher primates (mammalian rate estimates are from Li et al. 1987) . If the estimates of divergence times among Drosophila lineages used by Moriyama are accurate, then we predict that the typical "silent" rate in Drosophila is in fact even higher, since the two genes she used (Adh and Hsp82) have highly biased codon usage and comparatively slow synonymous substitution rates ( table 3 ) .
Finally, is it surprising that the selection coefficients for synonymous codons, which are expected to be very small, can result in highly biased codon usage in a multicellular organism such as D. melanogaster? Selection may be effective as long as N,s > 1, where N, is the effective population size and s is the difference in selection coefficient between synonymous codons. The effective population sizes of E. coli and S. cerevisiae are likely to be very large; Bulmer's ( 1987) analysis suggests that coevolution of tRNA abundance and codon usage in those species may have resulted from selection coefficients only one or two orders of magnitude greater than the mutation rate, while Li ( 1987) has demonstrated that "even a very slight selective difference between synonymous codons can produce a strong bias in codon usage." From electrophoretic data, N, values for various Drosophila species have been estimated to be 106-10' (Nei and Graur 1984) . Thus a selection coefficient of IO-'-10m6 may be sufficient to produce bias among synonymous codons in D. melanogaster. Similarly derived Ne values for many mammals are -104, so that fitness differences among codons would need to be substantially larger to overcome drift in those species.
